This paper is focused on evaluation of anticorrosion protection of inorganic metal coatings such as hot-dipped zinc and zincgalvanized coatings. The thickness and weight of coatings were tested. Further, the evaluation of ductile characteristics in compliance with the norm ČSN EN ISO 20482 was processed. Based on the scratch tests, there was evaluated undercorrosion in the area of artificially made cut. Corrosion resistance was evaluated in compliance with the norm ČSN EN ISO 9227 (salt-spray test). Based on the results of the anticorrosion test, there can be stated corrosion resistance of each individual protective coating. Tests were processed under laboratory conditions and may vary from tests processed under conditions of normal atmosphere.
Jiří VOTAVA
The current trend not only in the automotive industry is the usage of zinc coating as an anticorrosion protection of steel parts. Inorganic coatings and duplex protection is used for body shells of vehicles and, e.g. for protection of exhaust piping (Pejčoch, 2006) . At different regimes and different service temperature, the exhaust piping is subject to an increased corrosion pressure. This aspect also indicates the variety of harmful emissions in exhaust gases Veverka et al., 2011) . Corrosion aggressiveness also depends on the chemical composition of fuel used. Due to reducing the usage of fossil fuels, there are nowadays performed analyses of using biogas in gas engines (Žarnovský, 2012) .
If the vehicle body shell is protected by a Zn-Al coating, it is possible to join the individual parts by welding. The technology of cold metal transfer currently guarantees a reliable creation method of weld bead of such protected steel parts. The joint could not be done using common technologies such as hard-facing or welding. Not only the anticorrosion protection would be harmed but also the welding bath would be affected by Zn-Al elements, which is undesirable (Čičo et al., 2006) .
The advantage of inorganic coatings is the possibility of combination of more elements in the protective coating (Trethewey, 1995) .
The goal of the experiment is to compare the anticorrosion characteristics of zinc hot-dipped and zinc-galvanized coating. The criterion is the content of aluminium in the anticorrosion coating. The individual analyses were performed on samples with a defined coating thickness and chemical composition. One of the analyses is monitoring the self-healing effect of the damaged coating.
Characteristics of tested coatings
The zinc dipping of a steel sheet with a thickness of more than 1 mm is an anticorrosion protection formed by inorganic metal coating. The process of zinc dipping consists of the following steps: degreasing, chemical cleaning, flush, flux application, drying, dipping in melted zinc, and cooling. One of the main factors influencing the thickness of the coating is the time of dipping in zinc bath (Ščerbejová, 1993; Dillinger, 2007) . There were prepared 30 samples under operating conditions of zinc works.
The zinc dipping of a steel sheet up to 1 mm of thickness: thin sheet is zinc-dipped in continual facilities where the whole process is connected to a closed system. First of all, the coiled sheet is degreased and cleansed from oxides. Further, the sample is zinc-dipped in zinc bath. Regularity of the zinc coating is ensured by an air scraper knife. The steel sheet is either zinc-dipped by micro-alloyed, low-alloyed or high-alloyed zinc. The most common alloying element is aluminium. For the experiment, there was prepared a set of samples with the aluminium content up to 5 % (Galfan) and up to 55 % (Galvalume). Samples were delivered by their manufacturer.
Galvanizing: the steel surface of the machine part has to be degreased first of all. The object is hung into an aqueous solution of zinc salt (electrolyte), which is afterwards connected to electric current and figures as a cathode (Svoboda, 1985) . Pure zinc (99.995 % Zn) plates play the role of an anode. There were prepared 30 samples under operating conditions of zinc works.
The chemical composition of individual zinc coatings can be found in Table 1 .
To evaluate the individual coatings, the following analyses were performed: y measurement of coating weight and thickness according to ČSN EN ISO 3892; y ductile characteristics -Erichsen's test (ČSN EN ISO 20482); y evaluation of corrosion degree in the area surrounding the cut; y evaluation of corrosion resistance in the salt-spray environment ČSN ISO EN 9227.
Thickness of anticorrosion coating
One of the decisive factors influencing the durability of anticorrosion coatings is their thickness (Votava et al., 2011) .
The Association of Czech and Slovakian Zinc Works (Asociace českých a slovenských zinkoven) states in its researches that depending on the environment the coating decrease is from 0.64-1.57 µm per year. These data are recorded into so called corrosion maps.
In order to determine the coating thickness, either a destructive or a non-destructive method can be used. The destructive method consists of preparation of metallographic samples and measuring the coating thickness at a particular magnification of a metallographic microscope. The non-destructive method can either use ultrasonic waves or rotational flows.
In this experiment, coating thickness was measured using a non-destructive method -measuring probe for ferromagnetic basis. Measured values are recorded in Table 2 .
Weight measurement by a gravimetric method in compliance with ČSN EN ISO 3892
The ČSN EN ISO 3892 norm establishes the exact process while finding out the weight of the protective layer applied onto a surface. It lies in a gradual decontamination of the metal coating out of the surface of the base material. The final reading is given as the average value out of three measurements. Weight was measured using laboratory scale with precision to 1 mg. Before the test, the samples were cleansed and weighed. Further, the samples were subject to the gradual decontamination of the passivation layer. The decontamination interval was established as 5 minutes under laboratory temperature. After the interval had passed, the samples were cleansed with running water and weighed again. The whole process was repeated until a constant decrease was reached. The results of the weight decrease are shown in Figure 1 . The solution used to decontaminate the passivation layer was aqueous solution containing in one litre of distilled water 200 g of CrO 3 and 10 g of BaCO 3 .
Erichsen cupping test
The international norm ČSN EN ISO 20482 specifies a standard testing method of finding out the ability of metal sheets and strips (with the thickness from 0.1 mm to 2 mm and wideness of 90 mm and more) to deform themselves when mechanical working by cupping.
A punch with a ball-shaped ending is pressed into a sample which is fixed between a holder and the punch and causes cupping until a crack originates. Measured depth is the outcome of this test which is based on the punch movement. Penetration depth is measured with the accuracy of 0.1 mm.
Results of the cupping test show a correlation of mechanical characteristics and technology of anticorrosion coating application (see Table 3 ). The hot-dipped zinc coating is about three times less resistant to mechanical stresses than the galvanized coating. It is apparent that hard intermetallic phases originating in the process of zinc dipping are not able to resist mechanical stresses (bending, twisting).
Evaluation of corrosion degradation in the area surrounding the cut
If any anticorrosion coating looses its compactness, the corrosion resistance of the whole system decreases. The subject-matter of anticorrosion protection is to eliminate the access of air humidity to the base steel material. If the anticorrosion protection is formed by a less noble metal than the base material, oxidation processes run firstly in this coating. In case of failure of the integrity of the anticorrosion coating, passivation of the base material (steel) should be guaranteed. The evaluation of corrosion attack in the area surrounding a cut or a different artificially created defect is defined in the norm ČSN EN ISO 4628-8. This norm is applicable to paint systems only. As apparent from Figure 2 , red corrosion of the base material in the cut area appears the first day of salt-spray environment exposition. However, depending on corrosion speed, the entire sample surface is covered by zinc hydroxide, which forms a further anticorrosion barrier which could be called 'self-healing effect' . For this reason, it is impossible to evaluate the undercorrosion of the anticorrosion coating around the defect.
Evaluation of corrosion resistance of coatings used
The corrosion resistance of individual protective systems was tested according to the norm ČSN ISO 9227 -Salt spray test (NSS method). There were prepared 10 test samples from each anticorrosion coating. The samples were afterwards put into a special stand and were exposed to an aggressive salt-spray environment. Corrosion attack was evaluated using a visual method. Test parameters: y temperature in the salt-spray chamber 35 ± 2 °C; y concentration of sodium chloride in a spraying medium 50 ± 5 g l -1
; y pH value of the salt solution 6.5-7.2; y the time interval was set for 2, 7, 10, 20 and 40 days. Based on an every-day visual evaluation and depending on the speed of corrosion degradation, the individual intervals may differ. As Figure 3 shows, the corrosion degradation of anticorrosion coating in the salt-spray environment depends on the chemical composition of the
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Cut through the anticorrosion coating protective coating. Adding aluminium to the protective coating prolongs its life significantly. The galvanized coating has showed red corrosion after a 3-day salt-spray exposition, see Figure 4 . The pace of corrosion degradation is affected by ambient temperature, too. At temperature exceeding 100 °C, intermetallic phases convert. The current trend in the automotive industry is identifying the influence of raising temperature on functional engine parts by a thermal imaging camera (Žarnovský, 2012) .
Conclusions
The current trend in anticorrosion protection is creation of such anticorrosion coatings which protect the metal part using the principle of different electrolyte potential of both metals. Protective coating is formed by a metal with a lower electrolyte potential than steel. This aspect results in an initial oxidation of protective coating and a further passivation of metal part. Also duplex systems have a big advantage.
One of the most commonly used inorganic anticorrosion coatings are zinc coatings. In order to increase the anticorrosion resistance, these anticorrosion coatings are alloyed (mostly by aluminium) if the technology enables it.
The experiment has showed a direct influence of aluminium on increasing anticorrosion protection. Samples with up to 5 % of aluminium have similar characteristics to hot-dipped samples. Samples with up to 55 % of aluminium have an excellent anticorrosion resistance in the salt-spray environment -after a 40-day exposition, surface attack by red corrosion was just 10 %.
The combination of individual elements for anticorrosion protections is one of the possibilities to increase the reliability of passivation coatings.
